The genetic structure of field populations of Mycosphaerella graminicola was determined across a hierarchy of spatial scales using restriction fragment length polymorphism markers. The hierarchical gene diversity analysis included 1,098 isolates from seven field populations. Spatial scales ranged from millimeters to thousands of kilometers, including comparisons within and among lesions, within and among fields, and within and among regions and continents. At the smallest spatial scale, microtransect sampling was used to determine the spatial distribution of 15 genotypes found among 158 isolates sampled from five individual lesions. Each lesion had two to six different genotypes including both mating types in four of the five lesions, but in most cases a lesion was composed of one or two genotypes that occupied the majority of the lesion, with other rare genotypes interspersed among the common genotypes. The majority (77%) of gene diversity was distributed within plots ranging from 1 to 9 m 2 in size. Genotype diversity Ö 1 * within fields for the Swiss, Texas, and Israeli fields was high, ranging from 79 to 100% of maximum possible values. Low population differentiation was indicated by the low G ST values among populations, suggesting a corresponding high degree of gene flow among these populations. At the largest spatial scale, populations from Switzerland, Israel, Oregon, and Texas were compared. Population differentiation among these populations was low (G ST = 0.05), and genetic identity between populations was high. A low but significant correlation between genetic and geographic distance among populations was found (r = -0.47, P = 0.012), suggesting that these populations probably have not reached an equilibrium between gene flow and genetic drift. Gene flow on a regional level can be reduced by implementing strategies, such as improved stubble management that minimize the production of ascospores. The possibility of high levels of gene flow on a regional level indicates a significant potential risk for the regional spread of mutant alleles that enable fungicide resistance or the breakdown of resistance genes.
Neutral genetic markers and hierarchical sampling strategies have enabled plant pathologists to gain a better understanding of the genetic structure of pathogen populations. Knowledge of genetic structure, in turn, has provided insight into the life history of pathogens, including the evolutionary processes that shape pathogen populations in agroecosystems. For example, neutral markers allow us to identify pathogen populations with the greatest genetic diversity that may represent the center of origin for a pathogen. Centers of pathogen diversity are the most promising areas to prospect for resistance genes because these are the locations where coevolution is most likely to have increased the frequency of resistance alleles in natural host populations. Neutral genetic markers also have been used to indicate the potential for gene and genotype flow among populations by measuring the degree of population subdivision among populations across different spatial scales. Measures of population subdivision are available for a number of fungal pathogens, including Magnaporthe grisea (7) , Cryphonectria parasitica (32) , Sclerotinia sclerotiorum (18) , and Rhynchosporium secalis (30) . The genetic structure of a pathogen population is likely to affect the pathogen's ability to evolve in response to control measures, such as the deployment of resistant varieties or the application of fungicides (23) .
One unexpected result that emerged from the application of neutral genetic markers to plant pathogens was the finding that a lesion is often colonized by several genetically distinct individuals, suggesting that coinfection is relatively common. Examples include Phaeosphaeria nodorum on wheat (27) , Alternaria on pear leaves (1) , Ascochyta rabiei on chickpea (33) , Aspergillus flavus on cotton (2), R. secalis on barley (30) , Leptosphaeria maculans on oilseed rape (20) , and Mycosphaerella graminicola (Fuckel) J. Schröt. ex Cohn (anamorph Septoria tritici Roberge ex Desmaz.) on wheat (4, 24) . The distribution of genotypes within lesions provides information regarding the infection event, and it also may provide insight into the relative fitness and competitive abilities of different strains occupying the same lesion. Multiclone infections can arise from infection with a genetically diverse inoculum or from reinfection before an existing infection is fully established. However, it is usually unclear which scenario was followed. In saprophytic fungi such as A. alternata, cocolonization events might result from saprophytic strains taking advantage of preexisting areas of necrotic leaf tissue caused by pathogenic strains (1) . A histopathological study of wheat leaves infected with a single isolate of M. graminicola indicated that multiple penetrations of a single stomate are possible (15) , illustrating how coinfection could occur in M. graminicola. However, we still lack knowledge regarding the spatial arrangement of genotypes within lesions and how competition for space and/or nutrients can affect the spatial arrangement of clones.
M. graminicola is an important wheat leaf pathogen occurring in all major wheat production areas (11, 17) . M. graminicola is a haploid fungus with a heterothallic mating system. Much information regarding its population biology is already available (4, 9, 24, 25, 29) . Previous studies indicated that the sexual stage has a major impact on the genetic structure of this pathogen (9, 27) .
Our objectives were to determine the distribution of genetic diversity in M. graminicola populations across a hierarchy of microgeographical and macrogeographical spatial scales. The microgeographical scales included within and among plants sampled from a 1 to 9 m 2 area, within and among lesions taken from individual leaves, and among pycnidia taken from single lesions. On the smallest spatial scale, analyses of the distribution of genotypes within lesions could provide information on the potential for competition and genetic interaction among isolates within a lesion. The macrogeographical spatial scales included within and among field populations from different regions and continents, and among sites within a field. Analyses of populations on macrogeographical scales provided us with information regarding population differentiation, gene flow, and genetic diversity of field populations.
MATERIALS AND METHODS
Fungal isolates. Three field populations collected in 1999 from Switzerland, and two collected in 1994 from Texas, were sampled according to a hierarchical transect method described earlier (30) . Populations from Switzerland were sampled from eight locations within three wheat fields. Each field location was approximately 10 m apart. Ten to thirteen leaves from each field location were sampled and pycnidiospores from one pycnidium per leaf were isolated. In these fields a total area of 8 m 2 (8 × 1 m 2 plots) was sampled for each field population. Swiss population 1 (CH1) was collected from cv. Galaxie, population 2 (CH2) from cv. Tamaro, and population 3 (CH3) from cv. Eiger. CH1 and CH3 were collected from wheat fields located between Zürich and Winterthur and separated by approximately 20 km. CH2 was collected in southwestern Switzerland, approximately 200 km from CH1 and CH3. The Texas populations (TXM and TXP) originated from two fields (cultivars unknown) planted 10 km apart near the towns of McKinney and Prosper, respectively, near Dallas. Sampling procedures used for the 1990 Oregon population were described previously (4). This collection was from a replicated cultivar mixture experiment that included 15 treatments. Individual plots measured 9 m 2 (1.5 × 6.1 m). A total area of 342 m 2 was sampled in this field. The 1992 Israel population originated from leaves sampled at 1-m intervals along an 18 m transect. In total, an area of 9 m 2 was sampled for each of four cvs. Bet Hashita, Ariel, Attir, and Bethlehem. These four cultivars were separated by less than 10 m in experimental plots located at Nahal Oz. Isolation procedures for the Israel population, and especially those from Bet Hashita and Ariel, differed from other populations as 1 to 8 lesions per leaf were sampled, and more than one isolate was occasionally isolated from the same lesion.
To determine how frequently lesions had more than one genotype, we isolated 2 to 3 pycnidia per lesion in population CH3 instead of only one pycnidium per lesion as in the non-Israeli populations. In total, 222 isolates from 90 lesions were analyzed. To determine the spatial arrangement of clones within lesions, we used microtransect sampling to collect 40 isolates per lesion from five different wheat plants sampled from the same 1 m 2 area in CH3. Lesions were large enough to permit the isolation of 40 pycnidia per lesion. Pycnidia of M. graminicola often occur in rows along stomatal openings, and this allowed us to collect from four parallel transects within each lesion.
DNA extraction and restriction fragment length polymorphism (RFLP) analysis. DNA from the Switzerland M. graminicola populations was extracted with the Qiagen DNA Plant mini extraction kit according to the specification of the manufacturer (Qiagen GmbH, Hilden, Germany). DNA extractions from the other populations were based on cetyltrimethylammoniumbromide (CTAB) as described previously (4, 24) . Restriction digestion with PstI, Southern blotting, and RFLP analysis were as described previously for M. graminicola (4) . The seven probes used to obtain allele frequencies were pSTS192, pSTS14, pSTL10, pSTL53, pSTS43, pSTL31, and pSTS2. We demonstrated previously that probe pSTS192 hybridizes simultaneously to two loci on different chromosomes (25, 26) , providing us with eight RFLP loci in total for each isolate. A DNA fingerprinting probe, pSTL70, was used to distinguish clones in all populations except Israel. The fingerprinting probe pSTL70 did not hybridize to enough fragments to differentiate clones in the Israel population. Instead, fingerprinting probe pSTL40 was used to clone-correct data for these isolates in conjunction with the multilocus haplotype information of the single-locus probes. For the intensive analysis of variation within five lesions, only pSTL70 was used. To confirm that putative transposition events in isolates from these lesions were not blotting artifacts, these blots were also hybridized to pSTL40.
Mating type analysis. The mating types of the different genotypes found within the five lesions (microtransect sampling) were determined with a multiplex polymerase chain reaction (PCR) reaction using primers MAT1-1 F, MAT1-1 R, MAT1-2 F, and MAT1-2 R (43). MAT1-1 isolates produce a 340-bp fragment and MAT1-2 isolates produce a 660-bp fragment (43) .
Data analysis. Each probe-enzyme combination was treated as a different RFLP locus. DNA fragments or combinations of fragments were treated as different alleles. For probes pSTL70 and pSTL40, the hybridization patterns were used to identify isolates with the same fingerprint. Isolates with the same fingerprint and multilocus haplotype were considered clones. Genotype diversity within local sampling units within each field was measured as the number of unique genotypes divided by the number of isolates in the sample. Comparisons between field populations used the genotype diversity measure of Stoddart and Taylor (41) . The significance of differences in genotype diversity for each fieldpopulation was calculated using a t test (8) . The gene diversity for each population was calculated using Nei's measure (H) (35) . For the CH3 population, where two to three pycnidia per lesion were isolated, genotypic diversities were corrected for multiple samplings of the same clone by randomly selecting only one isolate per lesion. For allele frequency and gene diversity analysis, multiple isolates from the same lesion were retained after clone correction.
Similarities in the genetic structure of clone-corrected populations were evaluated based on contingency chi-square tests for differences in allele frequencies (46) . The Bonferroni correction (44) was applied to all chi-squared tests to reduce Type 1 error. The three field populations from Switzerland, the two from Texas, and Israeli collections from cvs. Bet Hashita and Ariel were tested for differences in allele frequencies. Israel collections from the cvs. Attir and Bethlehem were too small to conduct a meaningful contingency c 2 test. Field populations that tested not significantly different with the c 2 analysis were pooled to represent a larger population from the specific region or country. For the c 2 analysis among Israel, Switzerland, Texas, and Oregon, alleles present at frequencies lower than 0.05 for all four populations were pooled into a single category.
Gene flow was estimated based on the average G ST (population differentiation) across all eight loci (35) , as in previous studies with M. graminicola (4) . In this method, Nei's G ST is substituted for F ST in Wright's island model of gene flow (47) . Clone-corrected allele frequency data were used for the analysis of gene diversity, population differentiation, and gene flow. Nei's measure of genetic identity was used to measure genetic similarity between populations (34) .
Hierarchical gene diversity analysis (3) was used to partition the distribution of gene diversity across spatial scales, including: (i) within and among continents (United States, Eurasia); (ii) within and among regions within a continent (field populations from Oregon and Texas within the United States); (iii) within and among regions within a country (field populations within Switzer-land and Texas); (iv) within and among fields; and (v) within and among field sampling units, including 1 m 2 sampling plots for Switzerland and Texas, and 9 m 2 plots for Oregon and Israel field populations. Clone-corrected data were used for these analyses. Because c 2 analysis (46) indicated that the two subpopulations from Texas were significantly different at locus pSTS14, the hierarchical gene diversity analysis (3) was repeated without locus pSTS14, and also with locus pSTS14 included but without the TXM population.
Isolation by distance among all populations was tested using the method described by Slatkin (40) . If the amount of gene flow between populations is proportional to physical distance between populations, and the populations are at drift-gene flow equilibrium, the logarithm of the average number of migrants (Nm) per generation between each pair of subpopulations is expected to be negatively correlated with the logarithm of geographic distance between subpopulations.
RESULTS
Within lesion and within plant diversity. In total, 58 out of 90 lesions (64%) were occupied by two or three different genotypes in the CH3 population. In the Israel Bet Hashita population, 68 isolates originating from 45 lesions were all different genotypes (Table 1 ). In the lesion microtransect samples, two to six genotypes were identified within each lesion (Figs. 1 and 2). In some lesions, one or two clones occupied the majority of the lesion (genotype 2 in Fig. 2E ) whereas, other lesions consisted of several genotypes interspersed among each other (Fig. 2B) . Nine of the genotypes identified in the five lesions were MAT1-1 and six were MAT1-2 (Fig. 3) . Both mating types occurred in four of the five lesions. Some of the clones exhibited a fingerprint that differed by only one band. These were regarded as a clonal lineage, indicated by a letter following the genotype number (Figs. 2 and 4 ). These single-band differences could not be detected when the same a All populations were collected according to a hierarchical transect method, except the Israel population which was collected in linear transects, and the Oregon population which was collected from individual plots. b The figure in parentheses represents the total field area from which the population originated including unsampled spaces between sampling locations.
c HyvyrÃvyhrÃrÃyrvÃhqÃurrsrÃÃprprqÃsÃyvyrÃhyrÃrÃyrv Southern blots were hybridized to pSTL40 (data not shown). In the Israeli population, isolates from different lesions on the same leaf were always different genotypes ( Table 1) .
Distribution of diversity within and among fields within a region. In CH1, CH2, and CH3, the average percentage of unique or novel isolates from a 1 m 2 area ranged from 89 to 98%. This decreased to only 56% when multiple samplings per lesion were considered in CH3 ( (Table 1 ). In the 9 m 2 sampling plots in Oregon, the average percentage of unique genotypes per plot was 91% ( Table 1 ). The proportion of total gene diversity present among plots within fields across all loci was 17% and the proportion within plots was 77% (Table 2) . Contingency c 2 tests indicated no significant differences in allele frequencies among all eight loci in the Bet Hashita and Ariel subpopulations, therefore these data sets were pooled to represent Israel. Low population differentiation (G ST = 0.01) was found between the Bet Hashita and Ariel populations. Distribution of diversity within and among regions within a continent. Genotypic diversities of field populations were high, e.g., genotypic diversities within the three Swiss fields ranged from 80 to 96% of the maximum possible values, while no clones were identified in the Israel populations (Table 3 ). The genotype diversities of all field populations within a region did not differ significantly as determined with a t test ( Table 3 ). The proportion of total gene diversity present among fields within regions was only 1.2% (Table 2) .
Low population differentiation (G ST = 0.01) was found among the three populations from Switzerland (Table 4) . Corresponding estimates of gene flow (Nm) ranged from 58 to 86 (Table 4) . Low 
Swiss populations CH1 and CH2 did not differ in allele frequencies for any RFLP loci. A significant (P 0.05) difference at locus pSTS14 was detected between CH1 and CH3 as well as between CH2 and CH3. Following the Bonferroni correction, all eight loci in the three Swiss populations were not significantly different. The three Swiss subpopulations were therefore pooled to represent a 'Swiss' population for comparison at the next hierarchical level, within and among continents. Locus pSTS14 also tested significantly different (P 0.01) in the TXM and TXP populations, even after Bonferroni correction. The c 2 value (c 2 = 30.576; df = 21) across all eight loci was not significant. In the case of Israel populations, Bet Hashita and Ariel, locus pSTL31 tested significantly different before but not after Bonferroni correction.
Distribution of diversity within and among continents. Frequencies of the most common alleles for all loci across all populations are shown in Table 5 . G ST values across all populations ranged from 0.01 to 0.05 and corresponding Nm values from 9 to 58 (Table 6 ). Allele frequencies for all loci across all populations differed significantly (P = 0.001) ( Table 7 ). The lowest indicated gene flow was between Oregon and Israel populations, and the highest was between Texas and Oregon (Table 6 ). Nei's measure of genetic identity between pairs of populations across all loci suggests the same low population differentiation as found with the G ST analysis (Table 6 ). Gene diversity for all loci except pSTS192A and pSTS192B was high and similar for all populations (Table 7) (Table 8) . Relative to the sample size, the number of alleles was highest in the Israel and Swiss populations ( Table 8 ). The average G ST across all loci and populations was 0.05 and Nm was 9 (Table 7) .
Hierarchical distribution of total gene diversity. The proportion of total gene diversity present within plots was high at 76.5%. Only 2.5% of the global diversity was distributed among continents and among regions within continents (Table 2) . Performing the analysis without pSTS14, or without TXM (all loci), did not affect the results significantly. Values obtained for among and within continents were identical in all analyses, or differed by a 
distance between the populations. In our case, the correlation was indeed negative (r = -0.47; P = 0.012), suggesting isolation by distance, but the correlation was weak (Fig. 5) .
DISCUSSION
We characterized the genetic structure of M. graminicola across several spatial scales, and found that populations had high levels of gene and genotypic diversity regardless of the spatial scale analyzed. Single lesions were often occupied by different genotypes, but the number of genotypes per lesion was generally low for most of the lesions analyzed, with two to six genotypes occurring within individual lesions. The highest proportion of the total gene diversity representing populations from two continents was found within sampling units covering an area of 1 to 9 m 2 . Low levels of population differentiation and corresponding high levels of genetic similarity suggest that gene flow has had a significant impact on the genetic structure of these populations. However, the high gene flow values should be interpreted with caution, as it appears that the M. graminicola populations included in this analysis are not at equilibrium according to Slatkin's measure of isolation by distance.
Genetic structure at microgeographical scales-Diversity within and among lesions on a leaf. Diversity among lesions on a leaf was measured only in the Israel population, where isolates from up to six different lesions on the same leaf were all different genotypes. The high within-leaf diversity in Israel may partly reflect the high gene diversity also found in this population, or it may indicate that ascospore infection plays an important role in Israel.
All five lesions intensively sampled in the CH3 population were composed of more than one genotype. The occurrence of multiple genotypes in a lesion has implications for the life history of this pathogen. Because M. graminicola is a heterothallic fungus, the occurrence of multiple genotypes in the same lesion allows isolates of opposite mating types to come together and reproduce sexually. Frequent sexual reproduction in turn will ensure frequent recombination and increased evolutionary adaptability. The importance of sexual reproduction in the biology of M. graminicola was shown previously (4, 9, 48) . It was also shown that field populations in Oregon evolved rapidly (within 3 years) to overcome the resistance in cv. Gene (10), suggesting high selection pressure or that diversity at RFLP loci may reflect diversity for selected loci.
In the structured transects through five lesions, one or two genotypes occupied the majority of each lesion. This finding could reflect the greater fitness or competitive ability of the most common genotype. For example, genotype 2 occupied large areas of three different lesions taken from three leaves. The occurrence of the same genotype in different leaves collected from the same 1 m 2 area confirms that short distance dispersal of asexual spores contributes to the epidemic (24, 37) . We hypothesize that genotype 2 has a higher fitness or competitive ability than the other genotypes detected, though further experiments must be conducted to test this hypothesis.
Coexistence of pathogen clones within the same host plant has manifold biological implications beyond the increased opportunities for sexual reproduction. For example, coexistence can affect host health or infectiousness and affect the transmission success (an important fitness component) of individual clones, thus shaping the evolution of traits such as virulence/aggressiveness or fungicide resistance. For example, competition among genotypes within the same lesion led to reduced sporulation of some genotypes in S. sclerotiorum (21) . A competitive advantage within the host will not necessarily translate into higher overall fitness, as shown for coexisting strains of Puccinia graminis f. sp. tritici that differed in sporulation capacity and infection efficiency on wheat leaves (36) . Differences in competitive abilities may eventually be exploited for control of plant pathogens such as L. maculans, where coinfection of a weakly virulent strain together with a highly virulent strain induced systemic acquired resistance (20) .
Visual inspection of the distribution of genotypes within lesions suggests that interference competition (direct attack or exclusion by mechanical or chemical means) exists in M. graminicola. It is especially apparent in lesion A, where the two common genotypes probably represent different infection events separated by a few mm, followed by radial growth leading to a potential overlap in lesions, but no growth into the adjoining, colonized tissue. This pattern suggests interference competition where one individual reduces another individual's access to a limited resource (45) . This type of competition might represent the starting point for host or cultivar specificity previously reported for M. graminicola (14, 16) . Exploitative competition appears a better explanation for the pattern seen in lesion B, where genotype 4 occurs at various positions within the lesion. Exploitative competition occurs when one individual depletes a limited resource without restricting another individual's access to the resource (19) . This may result when genotypes competing for available, uncolonized host tissue grow with intermingled hyphae, and produce pycnidia whenever sufficient nutrients have been sequestered and space is available. Although vegetative incompatibility has not been identified in M. graminicola, the possibility that vegetative incompatibility affected these growth patterns cannot be excluded. (Fig. 4) . The fingerprinting probe, pSTL70, appears to represent a family of transposable elements that is active in some populations of M. graminicola (12) . These single-band differences among clones could be attributable to transposition events (12) , or may be artifacts on the autorad due to incomplete digestion, poor hybridization, or contaminated DNA. As replicate DNA preparations from these isolates showed the same pattern, and hybridization with other probes confirmed that the gain or loss of bands was associated only with pSTL70, we believe that the most likely explanation for these observations is actual transposition events. If this explanation is confirmed, it illustrates that transposition occurs at a significant frequency in the Swiss population of M. graminicola.
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Genetic diversity within and among plots in a field. Plot sizes within fields covered areas ranging from 1 to 9 m 2 , and this is where most of the gene diversity was distributed. Combining the gene diversity distributed within and among plots, it meant that almost 94% of the total gene diversity from the two continents was distributed within individual fields. Total areas sampled within fields ranged from 8 m 2 in Texas and Switzerland, to 36 m 2 in Israel, and 342 m 2 in Oregon. Larger plots and larger fields did not appear to contain greater genotype or greater gene diversity than smaller plots and fields. Rather, the total number of genotypes sampled was mainly a function of the number of lesions sampled within each plot. There was no evidence for population subdivision according to host genotype in the Israeli and Oregon collections where different cultivars were sampled in the same field, or in the Swiss collections from three different cultivars. The similarity in populations sampled from different cultivars offers additional support to our hypothesis that these RFLP loci are selectively neutral (28) .
Genetic structure at macrogeographic scales-Genetic diversity among fields within a region. Although the alleles at locus pSTS14 were present at different frequencies in the Texas subpopulations, it affected the hierarchical gene diversity analysis by a maximum of only 2% and, therefore, the Texas subpopulations were pooled for hierarchical analyses of gene diversity and population differentiation at the regional level. Genetic differentiation among the three field populations in Switzerland and the two field populations in Texas was extremely low as reflected in the low G ST and corresponding high Nm values. This indicates that there was no detectable population differentiation within the sampled regions of Switzerland and Texas. We hypothesize that this is due to regional (10 to 200 km) gene flow through the movement of airdispersed ascospores among field populations.
Genetic diversity within and among continents. Populations separated by thousands of kilometers and located on different continents were genetically similar as indicated by low population differentiation and high genetic identity. The low levels of population differentiation were reflected in corresponding high values of Nm. Gene flow, indicated by Nm, gives a biological meaning to the mathematical value of population differentiation, indicated by G ST . Although the average gene flow value across all populations (Nm = 9) was not as high as the values obtained for the three Swiss M. graminicola populations (Nm = 58 to 86), it is large enough to suggest that gene flow has occurred between continents. Nm = 9 means that an average of 9 individuals would need to be exchanged each generation among Switzerland, Israel, Oregon, and Texas populations to account for their current degree of similarity. Gene flow was highest between the Oregon and Texas (Nm = 58) populations and significantly higher than previous estimates for M. graminicola populations from Oregon and California (4). This finding was unexpected as the Oregon and California populations were closer than the Oregon and Texas populations. We consider it likely that much of this difference could be related to the fact that only 22 isolates were involved in the calculation of allele frequencies in the original California field population analyzed, and this small sample size may not have been representative of the California population. In addition, many of the RFLP loci used in the previous study were not included in this analysis.
Gene flow among different regions on a continent can be explained by hypothesizing a stepping-stone model where ascospore (38) (39) (40) . The majority of intercontinental gene flow may have happened hundreds of years ago as a result of import of infected seed and straw into the New World from Europe.
Isolation by distance. Although there was a significant negative correlation between the logarithm of gene flow and geographic distance, the correlation was weak, suggesting moderate isolation by distance in M. graminicola populations. This could be because long distance ascospore migration (hundreds to thousands of km) prevents isolation by distance, or because ascospore migration is predominantly short-distance (1 to 10 km) and populations have not yet reached an equilibrium between gene flow and genetic drift. It is however, more likely that the original long-distance gene flow in M. graminicola was man-mediated (i.e., when Europeans introduced wheat into the Americas and Australia), and subsequent natural gene flow gradually reduced the isolation by distance. Unfortunately, we do not have enough data points representing populations separated by short and intermediate distances, otherwise the correlation could be much higher. The only evidence we have for intercontinental dispersal of M. graminicola is the high gene flow values, and we cannot determine the temporal scale over which this occurred. The significant differences in allele frequencies among populations on different continents and the moderate isolation by distance, suggests that intercontinental gene flow is less common than transcontinental gene flow. The gene flow values presented here may overestimate actual gene flow because the effects of gene flow in the past, e.g., colonization events, cannot be distinguished from current gene flow when differentiation among sub-populations is analyzed (38, 39) .
The average gene diversity across all loci and the number of alleles relative to sample size was highest for the Israel and Switzerland populations. In a previous study comparing eight different populations, the highest gene diversity was clearly in the Israeli population (31) . Switzerland was not included in the previous study. The Fertile Crescent is thought to be a center of diversity for M. graminicola and the likely center of origin for the fungus (31) . The high gene and genotypic diversity observed over small spatial scales reported here support this hypothesis. The comparably high gene diversity of the Swiss population may be due to the fact that Switzerland is geographically the closest population studied to the Middle East thus far. It also is possible that Switzerland was on an ancient wheat trade route from the Middle East to western Europe and, therefore, inherited much of the genetic diversity from the Middle East by recurring gene flow. This hypothesis can be tested by comparing gene diversity in other populations near the Fertile Crescent. If the Fertile Crescent is the center of origin for M. graminicola, and if gene flow has been constant and proportional to distance over time, we expect to find a gradient of gene diversity emanating from the center of origin.
Based on our findings, M. graminicola populations have similar genetic structures across a wide geographical area and, therefore, quarantine measures among countries might prove unnecessary to further restrict gene flow. The likelihood that high levels of gene flow occur on a regional scale indicates a substantial risk for the regional spread of mutant alleles that enable the breakdown of resistance genes or fungicide resistance. Since the mutant allele travels regionally in ascospores (gene flow) instead of conidia (genotype flow), the mutant allele will move between fields in a recombined genetic background that has not been preselected for a highly fit combination of coadapted alleles. As a result, the development of new virulent pathotypes or fungicide resistant strains may in many cases be gradual rather than abrupt (23) . Gene flow on a regional level could be reduced by strategies that minimize the production of ascospores, such as improved stubble management. Fig. 5 . The relationship between the estimated average number of migrants per generation (Nm) between pairs of Mycosphaerella graminicola subpopulations and geographic distance. Nm was estimated using average G ST (population differentiation) across eight restriction fragment length polymorphism (RFLP) loci (35) . There was a weak correlation between log Nm and log (geographic distance) for the 28 population pairs analyzed.
